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Motivation
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Structure and dynamics of proton (mass / spin) (→ visible universe) originates from 
QCD-interactions!

Synergy of experimental progress and theory (Lattice QCD / Phenomenology incl. 
phenomenological fits / Modeling) critical!

(D. Leinweber: Action (~energy) density fluctuations of 
gluon-fields in QCD vacuum)
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The silent (low x) partners...: Gluons and QCD-Sea 
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x2 < x1

x3 < x2

x

Fundamental questions:

What are the 
properties of gluons 
that bind strongly 
interacting particles?

What is the quark-
gluon internal 
structure of nucleons? 

What are the 
properties of quark-
gluon matter at high 
density?
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Concepts and 
Status  

Future unpolarized low-x 
opportunities:  

Unpolarized ep/eA physics  

Summary and 
Outlook  

Future polarized low-x 
opportunities:

Polarized ep physics  
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Bernd Surrow

Low-x kinematics
Access higher parton density system

Larger center-of-mass energy (√s): Smaller x at larger √s!

Forward direction: Smaller x at larger η!   

eA vs. ep scattering: Probe higher parton density system in eA compared to ep!

e p e A

central
(η ≈ 0)

collider

forward
(η large)

(η ≈ 0)

fixed-target

Concepts and Status
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f(x) =

f+(x) + f�(x)

+

Spin 
contribution

�f(x) =

f+(x)� f�(x)

�

Probing the structure and dynamics of matter in ep vs. pp scattering 

d�pp ⇥ f1 � f2 � �h �Dh
f Factorization

Universality

Concepts and Status
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Concepts and Status
Picture of the proton from unpolarized ep scattering
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Strong 
violation 
of scaling 
at low x 
and high 
Q2

In 
contrast 
to:

Low Q2 
high x!

Huge gluon and QCD sea contribution!
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Current status:

Data only from fixed-target experiments (Limited 

reach in x and Q2) mostly at lower energy

Quark spin contribution is small (~25%):

Gluon spin contribution unconstrained from inclusive 

polarized ep scattering!
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Picture of the proton from polarized ep scattering
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Spin sum rule:

�G

1
2
�⇥

�⇥ = �u + �ū + �d + �d̄ + �s + �s̄

1
2

= �Sq⇥ + �Sg⇥ + �Lq⇥ + �Lg⇥

(R.L. Jaffe and A. Manohar, Nucl. Phys. B337, 509 (1990))

�qi(Q2) =
� 1

0
�qi(x,Q2)dx �G(Q2) =

� 1

0
�g(x,Q2)dx

�� = 0.242 (Q2 = 10GeV2)
(D. deFlorian et al., Phys. Rev. D80, 034030 (2009))

J. Ashman et al. / Spin structure of proton 27 

The value of  F2/(1 + R)  for x < 0.03 was taken to be constant  as expected from 
Regge theory [46] and as confirmed experimentally up to Q 2 =  7 GeV 2 [471. The 
da ta  in fig. 12 tend to be constant  (within errors) for x < 0.2 as predicted from 
simple Regge theory [46, 48]. 

9. The integral of gP over x 

9.1. THE EMC DATA ALONE 

In integrat ing gP over x the values of  A 1 were assumed constant  over each x bin, 
but  the funct ion F 2 / 2 x ( 1  + R )  was integrated numerically for each bin because of 
its rapid variat ion for x > 0.3. Fig. 13 shows the values of  this integral f rom the low 
edge of  each bin to x = 1, plotted against the low edge of  the bin, together with the 
data  f rom SLAC [2, 3]. The inner and outer error bars are the statistical and total 
errors. It should be noted that the errors are cumulative, i.e. each error contains the 
cont r ibut ion  from all the previous points at higher x. The normalisation error is 
included in the total error. The smooth curve is the integral obtained by using the 
parameter isa t ion of  A 1 (eq. (34)) which was used to estimate the contributions from 
the regions in x not covered by the data, i.e. x < 0.01 and x > 0.7. 

It can be seen that contributions from the lower x bins are small and the integral 
converges well. The values of  the integral shown in fig. 13 were obtained using a 
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D. de Florian et al., Phys. Rev. D71, 094018 (2005).
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parabola and the 1σ uncertainty in any observable would correspond to ∆χ2 = 1. In order to account for unexpected
sources of uncertainty, in modern unpolarized global analysis it is customary to consider instead of ∆χ2 = 1 between
a 2% and a 5% variation in χ2 as conservative estimates of the range of uncertainty.

As expected in the ideal framework, the dependence of χ2 on the first moments of u and d resemble a parabola
(Figures 3a and 3b). The KKP curves are shifted upward almost six units relative to those from KRE, due to the
difference in χ2 of their respective best fits. Although this means that the overall goodness of KKP fit is poorer than
KRE, δd and δu seem to be more tightly constrained. The estimates for δd computed with the respective best fits
are close and within the ∆χ2 = 1 range, suggesting something close to the ideal situation. However for δu, they only
overlap allowing a variation in ∆χ2 of the order of a 2%. This is a very good example of how the ∆χ2 = 1 does not
seem to apply due to an unaccounted source of uncertainty: the differences between the available sets of fragmentation
functions.

-0.2

0

0.2

0.4

-0.2

0

0.2

0.4

-0.06

-0.04

-0.02

0

0.02

0.04

0.06

10
-2

10
-2

x(Δu+Δu
–
)

x(Δd+Δd
–
)

xΔu
v

xΔd
v

xΔg
–

xΔu
–

x
Bj

xΔd
–

x
Bj

xΔs
–

x
Bj

KRE (NLO)

KKP (NLO)
unpolarized
KRE χ

2
KRE χ

min
+1

KRE χ
2

KRE χ
min

+2%

-0.06

-0.04

-0.02

0

0.02

0.04

0.06

10
-2

FIG. 4: Parton densities at Q2 = 10 GeV2, and the uncertainty bands corresponding to ∆χ2 = 1 and ∆χ2 = 2%

An interesting thing to notice is that almost all the variation in χ2 comes from the comparison to pSIDIS data.
The partial χ2 value computed only with inclusive data, χ2

pDIS , is almost flat reflecting the fact the pDIS data are

not sensitive to u and d distributions. In Figure 3, we plot χ2
pDIS with an offset of 206 units as a dashed-dotted line.

The situation however changes dramatically when considering δs or δg as shown in Figures 3c and 3f, respectively.
In the case of the variation with respect to δs, the profile of χ2 is not at all quadratic, and the distribution is much
more tightly constrained (notice that the scale used for δs is almost four times smaller than the one used for light
sea quarks moments). The χ2

pDIS corresponding to inclusive data is more or less indifferent within an interval around
the best fit value and increases rapidly on the boundaries. This steep increase is related to a positivity constraints on
∆s and ∆g. pSIDIS data have a similar effect but also helps to define a minimum within the interval. The preferred
values for δs obtained from both NLO fits are very close, and in the case of KRE fits, it is also very close to those
obtained for δu and δd suggesting SU(3) symmetry.
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D. de Florian et al., Phys. Rev. Lett. 101 (2008) 072001

u/d sea-quark 

polarizations 

large 

uncertainties!

��2 = 1

 

Bernd Surrow
POETIC 2012 @ IU Bloomington Workshop
Bloomington, IN, August 20-22, 2012

Concepts and Status

Substantial 

improvement 

from polarized 

p+p data data 

at RHIC

Status: Polarization of quarks and gluons from a global QCD analysis   
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Connection of Δg and ALL in pol. pp collisions at RHIC
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�G(Q2) =
� 1

0
�g(x,Q2)dx

�g < �g < +gExamine wide range in Δg:

GRSV-STD: Global QCD analysis of 
polarized DIS experiments only!   

�G(Q2 = 1GeV 2) � 1.8

�G(Q2 = 1GeV 2) � 0.4

M. Gluck et al. PRD 63 (2001) 094005.
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Data are well described by NLO pQCD plus hadronization and 

underlying event corrections

Run 6 ALL measurement between GRSV-STD and GRSV-ZERO

Run 9 ALL measurement between GRSV-STD and DSSV
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Results on Δg from DSSV fit incl. RHIC data 
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TABLE I: Data used in our analysis [2, 3], the individual
χ2 values, and the total χ2 of the fit. We employ cuts of
Q, pT > 1GeV for the DIS, SIDIS, and RHIC high-pT data.

experiment data data points χ2

type fitted

EMC, SMC DIS 34 25.7

COMPASS DIS 15 8.1

E142, E143, E154, E155 DIS 123 109.9

HERMES DIS 39 33.6

HALL-A DIS 3 0.2

CLAS DIS 20 8.5

SMC SIDIS, h± 48 50.7

HERMES SIDIS, h± 54 38.8

SIDIS, π± 36 43.4

SIDIS, K± 27 15.4

COMPASS SIDIS, h± 24 18.2

PHENIX (in part prel.) 200 GeV pp, π0 20 21.3

PHENIX (prel.) 62GeV pp, π0 5 3.1

STAR (in part prel.) 200 GeV pp, jet 19 15.7

TOTAL: 467 392.6

spond to the maximum variations for ALL computed with
alternative fits consistent with an increase of ∆χ2 = 1 or
∆χ2/χ2 = 2% in the total χ2 of the fit.

Our newly obtained antiquark and gluon PDFs are
shown in Fig. 2 and compared to previous analysis [4, 6].
For brevety, the total ∆u+∆ū and ∆d+∆d̄ densities are
not shown as they are very close to all other fits [4–6].
Here, the bands correspond to fits which maximize the
variations of the truncated first moments,

∆f1,[xmin−xmax]
j (Q2) ≡

∫ xmax

xmin

∆fj(x, Q2)dx, (8)

at Q2 = 10 GeV2 and for [0.001 − 1]. As in Ref. [6]
they can be taken as faithfull estimates of the typical
uncertainties for the antiquark densities. For the elusive
polarized gluon distribution, however, we perform a more
detailed estimate, now discriminating three regions in x:
0.001-0.05, 0.05-0.2 (roughly corresponding to the range
probed by present RHIC data), and 0.2-1.0. Within each
region, we scan again for alternative fits that maximize
the variations of the truncated moments ∆g1,[xmin−xmax],
sharing evenly to ∆χ2. In this way we can produce a
larger variety of fits than for a single ([0.001−1]) moment,
and, therefore, a more conservative estimate. Such a pro-
cedure is not necessary for antiquarks whose x-shape is
already much better determined by DIS and SIDIS data.
One can first of all see in Fig. 2 that ∆g(x, Q2) comes out
rather small, even when compared to fits with a “moder-
ate” gluon polarization [4, 6], with a possible node in the
distribution. This is driven by the RHIC data which put
a strong constraint on the size of ∆g for 0.05 ! x ! 0.2
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but cannot determine its sign as they mainly probe ∆g
squared. To explore this further, Fig. 3 shows the χ2

profile and partial contributions ∆χ2
i of the individual

data sets for variations of the moment computed for this
x range. A nice degree of complementarity and consis-
tency between is found. A small ∆g at x # 0.2 is also
consistent with data for ALL from lepton-nucleon scatter-
ing [15], which still lack a proper NLO description. The
small x region remains still largely unconstrained.

We also find that the SIDIS data give rise to a ro-
bust pattern for the sea polarizations, clearly deviating

Strong constraint on the size of Δg from RHIC data, in 
particular STAR jet results (Run 9)

Strong indication for a small gluon polarization, but ≠ 0

Next steps: Mapping of x-dependence and extension of 
x-coverage needed (Di-Jet measurements)!

�G(Q2 = 1GeV 2) � 0.1

�G(Q2 = 1GeV 2) � �0.1

�G(Q2 = 1GeV 2) � 0.4

��2 = 1
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Concepts and Status
RHIC W program

Measured asymmetries (Run 9) are in 

agreement with theory evaluations using 

polarized pdf’s (DSSV) constrained by 

polarized DIS data   

⇒ Universality of helicity distr. functions!

Critical: Measurement of W+ and W- 

asymmetries as a function ηe

Extension of backward / forward ηe 

acceptance  enhances sensitivity to anti-

u / anti-d quark polarization

 ⇒ PHENIX and STAR forward upgrade!
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RHIC W program: Impact on polarized QCD sea 
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d� =
�

f1,f2

f1 � f2 � d�̂f1f2�fX � Dh
f

�
d2⇤

dydQ2

⇥
=

2⇥�2Y+

yQ4

�
F2 �

y2

Y+
FL

⇥

Y+ = 1 + (1� y)2

���p
tot = ���p

T + ���p
L

FL =
Q2

4⇥2�
⇤��p

L � xgF2 =
Q2

4⇥2�
⇤��p

tot =
�

f=qq̄

xe2
qf

Universality

Factorization

 

Bernd Surrow
POETIC 2012 @ IU Bloomington Workshop
Bloomington, IN, August 20-22, 2012

15

Important: Complementary probes are required 
for unambiguous extraction of observables in 
high-energy density QCD region!

Probing the structure and dynamics of matter in eA / pA scattering 

Concepts and Status



Qs2: Saturation scale ⇒ Characterize transition to 

saturation region! Q2
s ⇥ �s

1
⇥R2

xG(x,Q2) �
Q2 > Q2

s � �s = �s(Q2)

Q2 < Q2
s � �s = �s(Q2

s)
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Low-x basics (1)
Dynamics: DGLAP / BFKL and CGC
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A1/3x��Enhanced for eA compared to ep: 

Qs(Y )
Y = ln

�
1
x

⇥

Q2�2
QCD

�s � 1 �s � 1

BFKL

DGLAP

CGC

CGC: Color-Glass-
Condensate  

BK/JIMWLK

Concepts and Status
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Concepts and Status
Low-x basics (2)

Dipole model
Consider virtual photon-proton cross-section

Frame: Proton rest frame

Interaction time < Fluctuation time at low x

Dipole model: Interaction of quark/anti-quark pair with proton 

Lo
we

r 
x

Lower Q2DRAFT
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APS DNP 2007 LRP Meeting - QCD and Hadron Physics Town Meeting
Rutgers University, Piscataway, NJ, January 13, 2007 Bernd Surrow

Concepts and Status
HERA: γ*p cross-section

Dipole-model approach: Successful description of 

both inclusive and diffractive processes at low x

Change of Q2 dependence around 1GeV2! 

D. Schildknecht, B.S., Phys. Lett. B499 (2001) 116. 
A.M. Stasto et al., PRL 86 (2001) 596.

DRAFT



 

Bernd Surrow
POETIC 2012 @ IU Bloomington Workshop
Bloomington, IN, August 20-22, 2012

19  

APS DNP 2007 LRP Meeting - QCD and Hadron Physics Town Meeting
Rutgers University, Piscataway, NJ, January 13, 2007 Bernd Surrow

Concepts and Status
Diffraction 

Ratio of diffractive to total cross-section 

(200<W<245GeV): 15% at Q2=4GeV2 

Dipole models: Successful description of inclusive and 

various diffractive measurements (e.g. Ratio of 

diffractive to inclusive cross-section, Diffractive Vector-

Meson production)

DRAFT
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RHIC dA scattering at forward η
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STAR

Forward identified hadron production at RHIC in dAu collisions: Sizable suppression of 
yields for charged hadrons and neutral pions observed

pQCD+shadowing calculations over-predict hadron yield suppression. Is this an indication 
for gluon saturation in Au nuclei?

More RHIC dAu are expected with enhanced detector capabilities (PHENIX/STAR)

Concepts and Status

DRAFT
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Concepts and Status
Fixed-target scattering experiments
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Inclusive structure function ratio  
important to constrain nuclear 
modifications to gluon density

World data (Fixed target) are 
concentrated above x>0.01 in pQCD 
region 

For x<0.01 only data in non-pQCD 
region
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Future opportunities
EIC facilities
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ELIC

eRHIC (BNL)

Ee = 10 (20) GeV
EA = 100 GeV (up to U)
√seN = 63 (90) GeV
LeAu (peak)/n ~ 2.9·1033 cm-2 s-1

ELIC (JLAB)

Ee = 9 GeV
EA = 90 GeV (up to Au)
√seN = 57 GeV
LeAu (peak)/n ~ 1.6·1035 cm-2 s-1

Beam 

dump

Polarized 

e-gun
0.6  GeV 

eSTAR

ePHENIX

Co
he

re
nt

 e
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oo
le

r

New 
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DRAFT
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Future Opportunities
Kinematics

Comparison HERA / EIC / Fixed-target experiments
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Future Opportunities
24

Gluon distribution:

Space-Time distribution of gluon:

Interaction of fast probes with matter:

Impact of strong gluon fields on the role of color neutral excitations: 

Key observables in electron-proton and electron-nucleus scattering 

FL (Variable center-of-mass energy)  and F2 

Jet rates

Inelastic vector meson production (e.g. J/Psi)

FL (Variable center-of-mass energy) and F2

Deep virtual compton scattering (DVCS)

Exclusive final states (e.g. Vector meson production)

Hadronization, Fragmentation studies

Energy loss (Heavy quarks)

Diffractive structure functions

Diffractive vector meson production

DRAFT
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Future Opportunities: Polarized ep physics 
25

g1p at EIC as a function of Q2

DRAFT

Details

BNL EIC Task Force 
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Future Opportunities: Polarized ep physics 
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Q2 = 10 GeV2

Impact of EIC on gluon polarization

BNL EIC Task Force 

DRAFT 0.2
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TABLE I: Data used in our analysis [2, 3], the individual
χ2 values, and the total χ2 of the fit. We employ cuts of
Q, pT > 1GeV for the DIS, SIDIS, and RHIC high-pT data.

experiment data data points χ2

type fitted

EMC, SMC DIS 34 25.7

COMPASS DIS 15 8.1

E142, E143, E154, E155 DIS 123 109.9

HERMES DIS 39 33.6

HALL-A DIS 3 0.2

CLAS DIS 20 8.5

SMC SIDIS, h± 48 50.7

HERMES SIDIS, h± 54 38.8

SIDIS, π± 36 43.4

SIDIS, K± 27 15.4

COMPASS SIDIS, h± 24 18.2

PHENIX (in part prel.) 200 GeV pp, π0 20 21.3

PHENIX (prel.) 62GeV pp, π0 5 3.1

STAR (in part prel.) 200 GeV pp, jet 19 15.7

TOTAL: 467 392.6

spond to the maximum variations for ALL computed with
alternative fits consistent with an increase of ∆χ2 = 1 or
∆χ2/χ2 = 2% in the total χ2 of the fit.

Our newly obtained antiquark and gluon PDFs are
shown in Fig. 2 and compared to previous analysis [4, 6].
For brevety, the total ∆u+∆ū and ∆d+∆d̄ densities are
not shown as they are very close to all other fits [4–6].
Here, the bands correspond to fits which maximize the
variations of the truncated first moments,

∆f1,[xmin−xmax]
j (Q2) ≡

∫ xmax

xmin

∆fj(x, Q2)dx, (8)

at Q2 = 10 GeV2 and for [0.001 − 1]. As in Ref. [6]
they can be taken as faithfull estimates of the typical
uncertainties for the antiquark densities. For the elusive
polarized gluon distribution, however, we perform a more
detailed estimate, now discriminating three regions in x:
0.001-0.05, 0.05-0.2 (roughly corresponding to the range
probed by present RHIC data), and 0.2-1.0. Within each
region, we scan again for alternative fits that maximize
the variations of the truncated moments ∆g1,[xmin−xmax],
sharing evenly to ∆χ2. In this way we can produce a
larger variety of fits than for a single ([0.001−1]) moment,
and, therefore, a more conservative estimate. Such a pro-
cedure is not necessary for antiquarks whose x-shape is
already much better determined by DIS and SIDIS data.
One can first of all see in Fig. 2 that ∆g(x, Q2) comes out
rather small, even when compared to fits with a “moder-
ate” gluon polarization [4, 6], with a possible node in the
distribution. This is driven by the RHIC data which put
a strong constraint on the size of ∆g for 0.05 ! x ! 0.2
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FIG. 1: Comparison of RHIC data [3] and our fit. The shaded
bands correspond to ∆χ2 = 1 and ∆χ2/χ2 = 2% (see text).
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FIG. 2: Our polarized sea and gluon densities compared to
previous fits [4, 6]. The shaded bands correspond to alterna-
tive fits with ∆χ2 = 1 and ∆χ2/χ2 = 2% (see text).

but cannot determine its sign as they mainly probe ∆g
squared. To explore this further, Fig. 3 shows the χ2

profile and partial contributions ∆χ2
i of the individual

data sets for variations of the moment computed for this
x range. A nice degree of complementarity and consis-
tency between is found. A small ∆g at x # 0.2 is also
consistent with data for ALL from lepton-nucleon scatter-
ing [15], which still lack a proper NLO description. The
small x region remains still largely unconstrained.

We also find that the SIDIS data give rise to a ro-
bust pattern for the sea polarizations, clearly deviating

Details

BNL EIC Task Force 
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BNL EIC Task Force 

DRAFT

Impact of EIC on quark polarization

Details

BNL EIC Task Force 
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current data

w/ EIC data

BNL EIC Task Force 

DRAFT

Impact of EIC on gluon / quark polarization

Details
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Future Opportunities: Unpolarized eA physics 
29

BNL EIC Task Force 

DRAFT

FA2 ratio at EIC vs. A1/3

BNL EIC Task Force 

Details
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Future Opportunities: Unpolarized eA physics 
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BNL EIC Task Force 

DRAFT

Di-hadron correlation vs. x at EIC: Nuclear modification JeAu

BNL EIC Task Force 

Details
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BNL EIC Task Force 

DRAFT

Di-hadron correlation at EIC
BNL EIC Task Force 

Details
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Future Opportunities: Unpolarized eA physics 
32

BNL EIC Task Force 

DRAFT

BNL EIC Task Force 

Diffractive VM production at EIC: J/Ψ and Φ (1)

Details
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BNL EIC Task Force 

DRAFT

Diffractive VM production at EIC: J/Ψ and Φ (2)

BNL EIC Task Force 

Details
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Summary and Outlook
Status and Concepts

HERA: Precision structure function measurements (F2) at low x

At low Q2 and low x: DGLAP (Leading twist) approach leads to valence-like gluon behavior 

Diffraction: Important contribution to overall ep event yield

Dipole model: Allows to describe inclusive and diffractive measurements. Reach of 
saturation region at low x not conclusive

Lesson: Optimize any future EIC efforts for acceptance and luminosity

eA: No information in low-x region

dAu results at RHIC: Can saturation account for observed behavior? Complementary 
probes important (RHIC/LHC)!

Important constrain on gluon polarization at medium and higher x from semi-inclusive 
polarized DIS and RHIC-SPIN program (Hint for ΔG ≠ 0) - Complementary to EIC 

34
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Summary and Outlook
Future Opportunities

EIC: First polarized ep collider - Precision measurement of polarized gluon distribution at 

low-x and quark flavor structure  

EIC will allow to study the physics of strong color fields

Required: EIC at high luminosity and optimized detector

EIC will allow to bridge several QCD communities (Hadron structure and Relativistic 

Heavy-Ion) 

35


